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The DBHS (Drosophila behavior human splicing) family member SFPQ 7 is a multifunctional RBP with roles in RNA transcription, splicing and 3′ end processing [8] [9] [10] [11] [12] . SFPQ is highly expressed in the developing and mature nervous system and is required for neuronal survival and normal brain development 13, 14 . In neurons, SFPQ is a critical component of cytoplasmic RNA transport granules in dendrites 15, 16 . However, it is not known whether SFPQ is required for post-transcriptional regulation of mRNAs that are localized to axons. Recent studies have characterized preferred SFPQ binding motifs, providing a resource for identifying mRNAs that might interact with SFPQ 17 . Here we demonstrate that SFPQ binds and regulates multiple mRNAs that are localized to the axons of dorsal root ganglion (DRG) sensory neurons and encode proteins that promote axon survival. We show that SFPQ is required for colocalization of Lmnb2 and Bcl2l2 mRNA to cytoplasmic RNA granules and for coordinated axonal trafficking of these mRNAs. Together, these studies identify an SFPQ-dependent RNA regulon that coordinates the localization of mRNAs to promote axon survival.
RESULTS

SFPQ binds axonal mRNAs
To determine whether SFPQ coordinates spatial regulation of mRNAs in neurons, we searched for putative SFPQ binding motifs 17 in mRNAs that have been demonstrated to localize to axons 18 . We found many SFPQ binding motifs in axonal mRNAs encoding proteins that promote neurotrophin-dependent neuronal survival, including Lmnb2 (ref. 19 (Fig. 1a and Supplementary Fig. 1a ). These motifs are enriched in the 3′ UTRs, which are often critical for proper localization of mRNA 1, 2 ( Fig. 1a and Supplementary Fig. 1a) . We tested whether SFPQ binds these functionally related mRNAs by formaldehyde cross-linking and RNA immunoprecipitation (Supplementary Fig. 1b) . Endogenous SFPQ coprecipitated with Lmnb2, Bcl2l2, Impa1 and Creb1 mRNA, but not with other functionally distinct axonal mRNAs (Fig. 1a) . Furthermore, binding of SFPQ to Lmnb2, Bcl2l2, Impa1 and Creb1 was regulated by stimulation with high levels of nerve growth factor (NGF) (Supplementary Fig. 1c ). These data demonstrate that SFPQ binds multiple axonal mRNAs that contain SFPQ motifs and promote neurotrophin-dependent survival.
SFPQ promotes axonal localization of mRNAs
We examined the subcellular localization of SFPQ in DRG sensory neurons, as these cells extend long peripheral axons and depend on target-derived neurotrophins for survival 23 . We detected SFPQ in the peripheral axons that extend toward neurotrophin-producing target tissues (Fig. 1b,c) and in the nerve endings that innervate the skin (Fig. 1d) . As an RBP with roles in nuclear RNA processing, SFPQ was a r t I C l e S also present in nuclei as well as cytoplasm of sensory neurons (Supplementary Fig. 1d) . A similar pattern of expression was observed in cultured sensory neurons, where SFPQ localized to distal axons and growth cones, nuclei, and surrounding cytoplasm ( Fig. 1e and Supplementary Fig. 1e-g ).
The presence of SFPQ in axons of sensory neurons both in vivo and in vitro suggests a potential role for SFPQ in localization of mRNAs to axons. To test this, we used sensory neurons in compartmentalized cultures that recapitulate the separation of cell bodies and distal axons observed in vivo. In this system, neurotrophin stimulation of distal axons led to an increase in Lmnb2, Bcl2l2, Impa1, Creb1 and β-actin (Actb) mRNA levels in axons (Fig. 2a) . Short hairpin RNA-mediated knockdown of SFPQ ( Fig. 2e and Supplementary Fig. 2a ) inhibited neurotrophindependent increases in multiple axonal mRNAs that are bound by SFPQ (Fig. 2a) . Notably, knockdown of SFPQ did not alter the neurotrophin-dependent increase in axonal Actb mRNA 24 , which is not bound by SFPQ (Fig. 2a) . Collectively, these data demonstrate that SFPQ is required for neurotrophin-dependent axonal localization of multiple functionally related genes.
Both Lmnb2 and Bcl2l2 mRNA are bound by SFPQ, and loss of either component leads to a similar phenotype of selective axon degeneration in vivo 19, 25 . Furthermore, while LaminB2 was initially identified as a nuclear intermediate filament and Bclw was discovered as an antiapoptotic Bcl2 family member, both Lmnb2 and Bcl2l2 are locally translated in axons, where the resultant protein products localize to mitochondria 19, 20 . Therefore, in the following experiments, we focused on these two functionally related axonal mRNAs. To examine the role of SFPQ in regulating neurotrophin-dependent axonal localization of Lmnb2 and Bcl2l2 mRNA, we performed single-molecule fluorescence in situ hybridization (FISH) after validating the specificity of Lmnb2 and Bcl2l2 probes (Supplementary Fig. 2b,c) . Puncta of Lmnb2 and Bcl2l2 mRNA were evident in distal axons of neurons grown in microfluidic cultures (Fig. 2b) . Consistent with quantitative real-time PCR (qRT-PCR) data, Lmnb2 and Bcl2l2 mRNA puncta were less numerous than Actb puncta ( Fig. 2b and Supplementary Fig. 1b) , and the density of Lmnb2 and Bcl2l2 mRNA puncta in axons increased with neurotrophin stimulation (Fig. 2c and Supplementary Fig. 2d) . Furthermore, axonal Lmnb2 and Bcl2l2 mRNA puncta decreased following knockdown of SFPQ, while Actb mRNA puncta in axons were not affected ( Fig. 2d and Supplementary Fig. 2e) . Together these results demonstrate a specific role for SFPQ in neurotrophin-dependent axonal localization of Lmnb2 and Bcl2l2 mRNA.
Since SFPQ is a component of RNA transport granules 13, 14 , we asked whether impaired localization of Lmnb2 and Bcl2l2 mRNA to axons (Fig. 2a) would be associated with corresponding changes of mRNA levels in cell bodies. We carried out subcellular fractionation and isolated mRNAs from nuclei, cytoplasm and distal axons (Fig. 3a,e) . Following knockdown of SFPQ (Supplementary Fig. 2a ), Lmnb2 mRNA accumulated in the cytoplasmic fraction (Fig. 3b) , suggesting that SFPQ is required for axonal transport of Lmnb2 mRNA. In contrast, Bcl2l2 mRNA accumulated in the nuclear fraction following knockdown of SFPQ (Fig. 3c) , suggesting SFPQ may be required for both nuclear export and subsequent axonal transport of Bcl2l2 mRNA. Subcellular localization of Actb mRNA was not altered by SFPQ knockdown (Fig. 3d) . Together these results indicate that SFPQ functions throughout the neuron to enable axonal trafficking of interacting mRNAs. npg a r t I C l e S SFPQ is required for mRNA coassembly in transport granules It is not known whether distinct mRNAs that bind the same RBP are coassembled in an individual RNA transport granule. Electron microscopy studies estimate RNA granules to be 100-250 nm in diameter 26 . To determine whether Lmnb2 and Bcl2l2 mRNA are packaged together, we performed single-molecule FISH and looked for colocalization of Lmnb2 and Bcl2l2 mRNA in the cell body, where RNA transport granules are packaged for axonal transport (Fig. 4a) . Using super-resolution quantitative colocalization analysis, we observe an enrichment of Lmnb2 and Bcl2l2 mRNAs within 270 nm of one another (Fig. 4c and Supplementary Fig. 3a) . In contrast, this enrichment was not observed for Bcl2l2 and γ-actin (Actg1) mRNA, a control mRNA that is not localized to axons (Fig. 4b,d and Supplementary Fig. 3a ). Together these data suggest that Lmnb2 and Bcl2l2 mRNAs can be assembled in a single RNA granule for axonal transport. We used the same approach to analyze localization of Lmnb2, Bcl2l2 and Actg1 mRNA following knockdown of SFPQ ( Fig. 4d and Supplementary Fig. 3b ). Given the variability across cells, we performed a per-cell analysis rather than population-level analysis to determine whether SFPQ is important for colocalization. n.s. n.s. n.s. n.s.
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Figure 2 SFPQ regulates localization of axonal mRNAs. (a) qRT-PCR analysis of mRNA levels of distal axons from sensory neurons grown in compartmentalized cultures expressing SFPQ shRNA following 2 h neurotrophin stimulation of distal axons (DA). Data shown as box plot where center line is the median, limits are the interquartile range and whiskers are the minimum and maximum, n = 8 experiments from cultures grown from 8 pregnant rats; **P < 0.005, *P < 0.05; n.s., not significant (unpaired two-tailed t-test between shCntrl and shSFPQ; P = 0.0076, t (16) = 3.05 for Lmnb2, P = 0.0014, t (16) = 3.85 for Bcl2l2, P = 0.017, t (12) = 2.78 for Impa1, P = 0.13, t (14) = 1.64 for Creb1, P = 0.55, t (14) = 0.62 for Actb, P = 0.72, t (14) = 0.36 for Cox4i1, P = 0.6, t (14) = 0.54 for Smad5, and P = 0.33, t (14) 05, ***P < 0.001; n.s., not significant (Lmnb2: P = 0.9 for Nuc, P = 0.03 for Cyt, P = 0.0005 for DA; Bcl2l2: P = 0.0004 for Nuc, P = 0.7 for Cyt, P = 0.01 for DA; Actb: P = 0.9 for Nuc, P = 0.9 for Cyt, P = 0.9 for DA). (e) Subcellular fractionation confirmed by PCR of U6 small nuclear RNA for nuclear mRNA and S14 ribosomal RNA for cytoplasmic mRNA. Representative image from 3 individual experiments; full-length gel shown in Supplementary Figure 7 .
npg a r t I C l e S following knockdown of SFPQ (Fig. 4e) . The percentage of cells with colocalization of Bcl2l2 and Actg1 was very low and was not affected by SFPQ knockdown. Intriguingly, we also observe occasional colocalization of Lmnb2 and Bcl2l2 mRNA puncta in distal axons (Fig. 4f) , while these mRNAs never colocalized with Actb puncta. Together these data indicate that SFPQ promotes colocalization of Lmnb2 and Bcl2l2 mRNA and may therefore facilitate coassembly and cotrafficking of Lmnb2 and Bcl2l2 mRNA in individual RNA transport granules that travel into distal axons.
SFPQ binds motifs critical for axonal transport
The putative SFPQ binding motifs have not yet been rigorously assessed in biological assays. To validate the putative SFPQ binding motifs in the 3′ UTR of Lmnb2 and Bcl2l2 mRNAs, we used in vitro synthesized, biotinylated regions of Lmnb2 and Bcl2l2 mRNAs, or a GFP control, to pull down interacting RBPs from lysates of sensory neurons (Fig. 5a,b) . RNA corresponding to regions of Lmnb2 and Bcl2l2 that contained SFPQ motifs 19 successfully coprecipitated SFPQ, but not the control neuronal RBPs fragile X mental retardation protein (FMRP) 27 or Musashi 28 (Fig. 5a,b) . These data indicate that SFPQ binds motifs in the 3′ UTR of Lmnb2 and Bcl2l2 mRNA. To determine whether the putative SFPQ motifs are required for binding, we carried out site-directed mutagenesis. We mutated the core region in each of the three motifs of the Lmnb2 3′ UTR (3′B) (Fig. 5c) . The mutant Lmnb2 3′B mRNA lacking consensus SFPQ sites no longer coprecipitated with SFPQ, indicating that these predicted sites in the 3′ UTR are essential for mRNA binding to SFPQ (Fig. 5c) . Notably, the 3′ UTR of Bcl2l2 was also important for neurotrophin-dependent axonal localization ( Supplementary Fig. 4a ), indicating that 3′ UTR sites may be generally critical for SFPQ-dependent intracellular trafficking. Axonal transport of RNA granules containing RBPs and associated mRNAs is mediated by microtubule-dependent molecular motors 13, 29, 30 . In sensory neurons, SFPQ coprecipitated with the kinesin KIF5, but not KIF3B, suggesting this motor protein transports RNA granules containing SFPQ, Lmnb2 and Bcl2l2 along microtubules of sensory axons (Fig. 5d) .
SFPQ is required for axonal survival
As Lmnb2 and Bcl2l2 mRNAs are transported to axons where they are locally translated 19, 20 , we asked whether SFPQ also regulates axonal levels of LaminB2 and Bclw protein. We used shRNA to knockdown SFPQ in compartmentalized cultures and found that SFPQ was required for neurotrophin-dependent increases of LaminB2 and Bclw protein levels in axons (Fig. 6a) . In axons of sensory neurons, SFPQ localized near mitochondria and ribosomes (Fig. 6b) . Thus SFPQ may deliver Lmnb2 and Bcl2l2 mRNA to sites of local translation adjacent to mitochondria, where their protein products function to promote axon viability 31 . To determine whether SFPQ is therefore required for axon survival, we used compartmentalized cultures npg a r t I C l e S wherein survival of sensory axons depends on local application of neurotrophins (Fig.  6c) 20, 32 . We found that acute knockdown of SFPQ specifically abrogated neurotrophindependent axonal survival (Fig. 6c,d and Supplementary Fig. 5a ). These findings are consistent with in vivo data showing that mutations in SFPQ lead to neuronal apoptosis and axonal degeneration 16 . Similarly, loss of LaminB2 (Fig. 6c,d and Supplementary Fig. 5b ) 19 or Bclw 20, 25 , like that of SFPQ, each results in axonal degeneration, suggesting that they function in a common pathway. Introduction of recombinant Bclw protein into axons rescued axon degeneration due to knockdown of SFPQ or LaminB2, indicating that Bclw acts downstream of SFPQ to promote axon health ( Fig. 6d and  Supplementary Fig. 5c ). Together these data suggest that SFPQdependent regulation of Bclw and LaminB2 protein levels in axons contributes to axon viability. npg a r t I C l e S functionally related mRNAs along a coordinated pathway of RNA processing, from splicing to nuclear export, stability and translation 3, 4 . The best evidence for this type of coordinated regulation comes from yeast, where the RBP Puf3p interacts selectively with nuclearly encoded mRNAs for mitochondrial proteins that localize to mitochondria for translation 33, 34 . In the mouse brain, the splicing factor Nova binds a subset of mRNAs that encode proteins with synaptic function 35 , suggesting that RNA regulons may also be important for neuronal functions. Here we identify an SFPQ-dependent regulon critical for axonal viability, with SFPQ coordinating nuclear export and axonal transport of functionally related target mRNAs (Supplementary Fig. 6 ). Our studies demonstrate that SFPQ is required for neurotrophin-dependent axon survival through direct regulation of multiple mRNAs, including Lmnb2 and Bcl2l2.
DISCUSSION
Previous studies using single-molecule FISH have not detected colocalization of distinct mRNAs in neuronal dendrites. These studies suggested that different mRNAs are transported individually 36 . Our data demonstrate colocalization of Lmnb2 and Bcl2l2 in cell bodies and axons, indicating that distinct axonal mRNAs can be transported in single RNA granules. By nearest neighbor analysis (Online Methods), we found 8.8% of Lmnb2 and Bcl2l2 puncta to colocalize. As Bclw and LaminB2 protein are expressed and functional in cell bodies as well as in axons, this number may reflect the fraction of mRNAs transported to axons for local translation. Further work will be needed to define the complete composition of SFPQcontaining mRNA granules and how they are directed along the post-transcriptional pathway.
Since SFPQ functions as a multimer 37 , numerous SFPQ-binding sites along mRNAs may be required for assembly of SFPQcontaining RNA granules. We found that mRNAs bound and regulated by SFPQ contain multiple SFPQ-binding motifs, suggesting that more than one site may be required for efficient mRNA localization. We show that mutagenesis of multiple motifs blocks binding of SFPQ to a target mRNA. The binding motifs of RBPs are still being defined and investigated functionally, and thus additional mutagenesis studies will be required to establish the precise nature and number of motifs required for RNA binding and axonal regulation.
Our studies demonstrate that SFPQ functions in mRNA localization and that SFPQ is required for neurotrophin-dependent regulation of LaminB2 and Bclw protein in axons. Decreases in axonal LaminB2 and Bclw proteins levels may be due to a reduction in the pool of localized mRNAs available for local translation following loss of SFPQ. However, data indicating that NGF regulates SFPQ binding to Lmnb2 and Bcl2l2 mRNA (Supplementary Fig. 1c ) suggest SFPQ may also control stimulus-induced translation of target mRNAs, as release of mRNA from RBPs often enables translation initiation 38 . Phosphorylation of SFPQ can modulate binding to mRNAs 39 , providing a potential mechanism by which target-derived neurotrophins locally regulate the fate of mRNAs once they reach the axon.
Together the findings presented here demonstrate that SFPQ coordinately regulates mRNAs that are locally translated and promotes neurotrophin-dependent axon viability, and thus these studies define an RNA regulon for axon survival. Changes in SFPQ activity, expression or localization have been implicated in Alzheimer's disease, dyslexia and bipolar disorder [40] [41] [42] , suggesting that this newly defined SFPQ RNA regulon may be critical for diverse developmental and degenerative disorders.
METHODS
Methods and any associated references are available in the online version of the paper. 
